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•The Apoilo-Soyuz T6st Project (ASt^^ flew in July 1975, aroused 

considerable public interest; first, because tKe spate rivals of the late i950> 
and 1960's were working together in a joint endeavoh and second, jjecause 
their mulual efforts included developing a: spacip , rescue system. The ASTP 
also included significant scientific ppenments,.^e results of which can be 
usied in teaching biology, physics, and mathematics irf schools and colleges. 

This series of 'pamphlets discussing the ApollpVSoyuz mjssion and experi- 
ments is a set of curriculum supplements designed for teache.rs, sOpervisors, 
curriculum i^pecialists, and textbook writers as well as foe the general public. 
Neither textbooks' nor courses of study, these pamphjels^are intended to [ 
provide a rich source of ideas, ex'ampU^^^ the scientific method, pertinem • 
references tt> standard textbobksidhd clelir descriptions of space experiments. 
In a sense, they may\^be jregarded/a^ pioneering form of teaching aid. Seldom 
•has there been such a forthright effort to provide, directly to ;teachers, 
curriculuni-relevant rep9rts <^f current scientific researcif High school 
teachers who reviewed the^^e^ts'suggfes that advanced students who are. 
interested might be assigncjijr.^Q st^ pamphlet and«reporton it to the rest 
of the cla^s. After 'Class di^^ students iqight be assigned (without 
access to the pamphlett pne dr more of the '^Questions for Discussion^' for 
fonrial or intormaranswerst thus stressing the application of what was 
piteviously covered in the pimphlefs^ 
4 1]he authors of these pamphlets are Dr: Lou Williams Page, a geologist, and 
Dt. Thomtprii '^age, ^ah astronomer.* Both have taught science at several 
universities and'have publjshed 14!bibokson science fprschools, colleges, and 
the general reacfel^,• Including a recent one ^o - 

Technical assistance to" the Pagesr was provided by the* ApoHo-Soyuz 
Program Scientist, Dr. R. thoirias Giuli, and by Richard R. Baldwin, 
>yils6n Lauderdale, and Susan N. Montgomery, ttiembers of the group at 
theV^ASA Lyndon B. JohnsOh Space Genterin Houston which organizlbd the^ 
scientists* participation in the ASTP and published their reports of experimen- 
tal results. ' , • ' \ . ^ 

Selectd;d teachers from^high schools and universities throughout^he United 
States reviewed the pamphlets in draft form. They sugj^ested changes in 
fording, the addition of a glos^jary of terms unfamiliar Jo students, and . 
improvements injdiagrams. A list of the teachers and of the scientific rnves- 
tigators Who reviewed the texts for accuracy follows this Preface... .. 

This set of Apollo-Soyuz paniphlets wasanitiated and coordinated by Dr. 
Frederick B» Tuttle, Director of Educationat Programs, and was supported by 
the NASA Apollo-Soyiiz Progr»n Office, by Leland J. .Casey, Aierospace 
Engineer for ASTP, and by Willidm D. Ni;icQfli Educational Programs 
Officer, all of NASA Headquarters in Washingtoif, ,D.C. 
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Introduction 




After 4 years of preparation by the U'S. National Aeronautics and Space 
Administration (NASA) and the U.S.S.t^. Academy of Sciences, the ,ApoHo^ 
and Soyuz spacecraft were^ launched on July 15, 1975. T>vo days later, , at 
16:09 Greenwich' mean time on July 17, the t^wo spacecraft were docked!'^ 
Then the astronauts and Cosmonauts met for^he<first international handshakea 
in space, andTs^h crew entertained the other crew (one at a time) at a. meal of 
typical American or Russian food.-. These activities and the physics, of'reaction 
motors, orbits around the E^hh,' and weightlessness (zero-g) aibdescribed 
more fully in Pamphlet I, !*The Spacecraft, Th©* Orbjtsi^and pocking" 

. (EP-133)/ V , . V ■■ \ ■ ■ , 

Thirty-four experiments were performed wNl6 Apollo and Soyuz were in| 
orbit: i3 by ^tronauts, 6 by cosmonauts, and 5 jointly . These experiments iai' 
space were selected from 161 proposals from scientists in nine different 
countries, They are listed by number in Pamphlet i /and groups of iy^o orjnore 
more are described in detail in Pamphlets II through IX (EP- 1 34 through 
EP-141, respectively). Each experiment was directed by a Principal Inves- 
tigator, assisted by several Co-Investigators, and the detailed scientific reS^ults 
have beeh published hy NASA in two reports: The Apollo-SoyflzTes;t. Project 
Preliminary Science Report (NASA TM X-5817^ and the Apolld-Soyuz Test 
Project Summary Science Report (NASA SP-4l2). The simpltfied accounts 

. "given in these pamphlets have been reviewed by the Principal Investigators or 
orte of the Co-Ihvestigators. , 

The x-ray and gamma-ray experiments ^scribed in this pamphlet are of. 
Considerable interest because the^ represent) the; new, field of high-energy 
astrophysics that came into being when instruments could be carried'above the 
Earth's atmosphere by rockets. These instruniehts have detected x-rays and 
gamma rays coming from objects and regions of space that were not even 

. suspected of beiriglc-ray sources.in I960. The measurc^fients show superhot 
stars, collapsed^stars. Black Holes, and magnetic fields between the stars. A 
whole new view of t)ie universe has been opened in x-ray and gamtea-r^iy 
astronomy. ' i • 

.. The Soft X-Ray Experiment, MA-04S, was.designed .tp locate and study 
the sources of x-rays coming toward Earth fronri deep' space. Under the. 
direction of Herbert Friedman >t th^ Nayal Research Laboratory (NRL) in 
. Washington, D.G. , a grotipof seven scientists, headed by Seth'Shulman, Vuilt 
* the equipment and analyzed the data.. For. background in understanding^ x-ra>c 
'telescopes and their *'COunt rates, V Sections 2 and 3 outline the operation of 
x^ray deteotore and show how x-ray data have led astronomers to the concept 
of **-eollapsed" stars-^very fiigh density Neutron Star's and Black Holes that 
curve space back ifitb itself sp thj^t no particles or radiation can get in or out.' 



The Crystal 'Activation Expefimentv-MAnS l, made ho measurements of 
stars bu^ tested the detectors used in measuring gamma rays outside the 
Earth's atmosphere^ The detecfers were tested before arid after the Apollo- 
Soyiiz flight at four major laboratories; the Lawrence Bericeley Laboratory in 
California, the Los Alamos Scientific Laboratory, in New MjBxicp, the Oak 
Ridge Natipnal-^Labo^atory in Tennessee, and the NASA Robert H. Goddard 
Space Flight Center (GSFC) in Maryland. These tests were coordinated by J. 
L Trombka^'^f GSFC. The differences between preflight and postflight te^ 
results show hOw cosmic rays, other high-speed pretons, and neutron? , 
changed the detectors^during 217 hours in orbit. 
' Both x-raiys and gamma'rays are high-energy radiation,and come from 
regions of space where the conditions are extreme (low density, high tempera- 
ture, and high-speed particles)." Cosmic rays are high-speed particles^ not 
electromagnetic waves. The nature and behavior of l^th'high-speed particles 
ai)d high-ener|y photons arc descritfed in the next Action. . : 



High-Ener^^^ c 



the Electromaghetic Spectmm a 
What Gets Through Our Atmosphere 

Light carries energy in the form of waves. Visible light can be spread out by a 
prism or a diffraction grating into a spectrum from short violet waves to long 
r^d waves (Fig. 2.1). D^mnethe last centur>;.6r two; physicists have learned 
how to nrieasure inyisible^uitraviolet (UV) waves, which are shorter than 
violet, and invisible infrared (IR) waves, \yhich are longer than red. Later they 

'discbyered even shorter x-rays' and even longer radio waves. These wav^s 
are generated by oscillations* (back-and-forth mptions) of electric charges — 
fast oscillations for the short waves and ^low oscillations for the long waves. 
Although they are like water waves^Jight waves are not waves in any 
material. They are waviesof electric and magnetic fields. Altogether, these 
waves make up the electromkgnetic spectrum (Fig. 2 2), ranging from very 
short gamma rays through visible light waves with a wavelength of about 
5(X)0 angstroms (500 nanometers) to radio waves several kilometers in length. 

Any hot body, such ds the Sun or a star, "broadcasts" all these waves, 
which move at the velocity of light, 3x10** m/sec ( 1 86 OOCj mjles/sec). A hot 

.'Star gives out mostly short ultraviolet waves, a cool star mostly longer red 
Waves, and the Sun (at intermediate temperature) mostly visible light— a good 




The spectrum of white light. 



iProjcci Physics, Sec.. 18.6; PSSC, Sec. 23-9. (Throughout this pamphlet, references will be 
given to key topics covered in two standard textbooks: ''Pirojcct Physics/' second editioht Holt, 
Rinehart and Winston, 1975^ and "Physical Scien^:e Study Committee,** (PSSC)^ fourth edition. 
D. C. H(:ath,'l976.) 

■ ' \ ' 



reason \yhy human eyes'evolved to be sensitive to wavelengths near 5000 
angstroms. Luckily /the ozone layerof the Earth's atniosphere blocks gamma 
rays, x-rays, and most of. the ultraviolet waves; (These, high-energy rays 
destroy living cells by ionizing molecules inside the cell.) Most of the infrared 
waves are absorbed by water, cdrbbn dioxide, and other molecules in the 
atmosphere. Some radio , waves are blocked by ions near the top of .the 
atmosphere. 

The transparency of the atmosphere for the electromagnetic spectrum is 
shown at the top of Figure 2.2. The scale of wavelength is given in both 
angstroms and meters (1 angstrom = 0. 1 nanometer). The number ofosciUa- 
tions persecond is called the frequency and is n^easured in hertz. llie.s^^^ 
frequency goes the opposite direction from the scale: for wayelength.sth& long 
radio waves have low frequencies (3 x . 10^ hertz) and the short x^ys have 
high frequencies (3 X 10V® hertz).^ Note that frequency / mulliplied by 
wavelength X is equal to velocity v, ' or (3yX: 10^® hertz) (1 angstrom) == 
3 X 1 0' « A/sec or 3 X 1 0.® m/sec ( 1 86 QDO miles/sec^, which is the velocity of 

light. ■.; ■■ : . • < ' ■■■ ;. ■ .. ^ ■ 

Photon Energy ^ J ; ■ -> 

About a century ago, it was sho\yn that light also has particle cht^racteristics. ^ 
Light waves come in packets called quanta or photons, which cannot; be 
subdivided. The quantum theory shows that the energy E of ah indivisible 

■quantunri or photon is proportional to the frequency; that is^jr== hf, \yhere/i is 
the Planclj: coiistant; The short-wavelength, high-frequency gamma ^^^^ and 

-^-rays tliusrtre high-energy photons. * 

X-rays are generated on Earth in the laboratory, the dentist's office, or the 
hospital by using a high voltage to s]K>ot electrons at a tsurget in a vacuum tube 
(Fig, 2.3). The higher the voltage, i\\e faster the speed of tlie electron and the 
larger its kinetic energy on impact. This energy is nieasured in units called 
electronvolts. If the potential on the X-ray tube is 10 000 volts, the electron 
has a kinetib energy of 10 000 electronvglts, or 10 kiloelectronvolts. When 
such an electron hits the target, its energy is converted into an x-ray photon 
with an energy E of 10 kiloelectronvolts. 

For this reason^ x-rays and gamma rays are usually described (as on the 
lowest scale in Fig. 2.2) by their photo'^energy instead of by the waVelength X 
or frequency/ The relation.between<£(in*t^'Qt^^^^ and X (in angstroms) 
iseasy to remember: £ = 12 345/X. Therefore, x-rays with a'wavelength oM 
angstrom are photons with energy of 12 345 electronvolts, or 12.3 kiloelec- 
tronvolts. Visible-light photons (X =^ 5000 angstroms) have much lower 
energy: £ = 12 345/5000 = 2:47 electronvoks. In general, for electromag- 
netic radiation, / = elk, where c is the velocity of electromagnetic waves, ' 

.;j X I p« m/sec. ' * ■ ^ r 



X-Raiys/Gamma RaysVand Cosmic Rays ' 

ManWade vx-rays are;, used in dentists' offices and in hospitals 
Jow-deh§ity' materiar and make ** shadow, photographs'' of higher density 

■; tecili an(^ boitesi The higher the x-ray |nergy, the more: penetrating they are* . 
You cjm'.t^f x-rays with ordinary Tenses or mirrors like you can visible 
light; ^ost-of the x-rays ar^absorbed or go straight through. Dense materials 

>like l^ad (in sufficient thickness) stop even the high-energy (** hard") x-rgiys 
'and/thus are used as shields to protect clental assistants and others who work 
with x-ray mkhines eV.er/ day. (The ionization in cells whelp x-ray photoris 
are at>$orbed damages human tissue if on& person accumulates a large dose by 
tepeateid exposure/) Th^^ layers of tower density materials stop, the tow- 

wfenergy ("soft'O x-rkys but ljct most o^^^^^^^ hard x-rays through. This is the 
basis for x-ray filters that aljjpyy the measurement of soft and hard components- 

, in,a beam of x-Yays ;from-a cosmic** so the Sun and its cgrona (see 

'Pamphlet 111). ■■" ' .'r' ■ - . ' ^-■'t'V^ 

; ■ Another fgr(h^f '' radft^ thp cosmic ray, which is actually a 

. high-speed;^^^^^^^ afi electromagnetic ^yave;^•1Fifty 

ft yeai^ ago-^u3smJc rays were thought to be waves, Then it was discovered that 
the highrspeedl (hJgh-energ^) partic les produced ganima rays (photons) when 

/ they Hit the Earth's upper atnriosphere, as shown in Figure 2.4. Some of the , 
particles and gamnta -rays get through, but most of them are stopped by the 
atmospheric shield, which also stops 3c-rays. and most of the ultraviolet 
waves— -as shown in Figure 2.2.in,spacecraft a6ove the atrflpspher^, there is 
no shield except that provided by .the spacecraft walls, or by filters in the 
experiment equipment. Space scientists wishing to measure x-rays or gamma 

./.rays tnust distinguish betvyeert^amm^ rays and high-^energy cp^niic-ray 
particles that behave very mucKlike gamma rays. This distinctioi;i is usually 
made by. using an anticpinqdencfe counter that automatically subtracts the 
particle counts from all the county recordedv leaving only the x-riiy or 
gamma-ray counts. * *count" is recorded when one photon or particle passes 
through th& detectof. The intensity is the number of counts.per. second. 
Cosmic rays conie in tc^Ward the Earth ftbm the nearby Suh (solar cosmic 

^ rays). Other, rays of higher energy come mbre or less'unijfofmly from all, 
•directions and are thought, to originate iri space between the star? in the Milky 

' ; Way Galaxy (galactic cosmic rays). These solaf and galactic cosmic rays (Fig. 

' 2.4) pefie^av hazard to crewmembers on long space missions; ab^e the 

' . atnriosphw^. Some protectiorfispiroyiSedby the pressure hull of the spJIecWt 
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Figure 2.4. 



High-energy radiation coming in on the Earth. 



Q X-Ray telescppes---^CQinrtiat9rs and Angular 
Resblutton 

If an x-ray detector on a spacecraft C|)unts x^ray photons, how canlve tell from'"^ 
'\ whicVdirecMonthey are coming? A telescope forms jnfiag^ of std^ 

light; the central imagecis the star toward whkh t^ie telescope isipoirited (Fig. 
. 2;5); In general, x-rays cannot be imaged this way, so the x-fay astronpmelr 
must build a tube of lead or other x-ray-absorbi;ig«material. to Im^ 
view of his detector. If he uses a tube oT small diameteV, so as to defirtfe the 
direction accurateljj, ve^y few counts will be recorded because the areiof the 
tube will let only a few x-rays in. ThefeTorCi hepSqIcs a number^^ 
by side in front of a detector (Fig. 2.6)/These tubes .all ^tnt in the same 
direction, thus forming a .^ho^rieycomb" or *'eggcrate" having an area, of 
< several square centiiTreters. (You can get an idea of this arrangement by 
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looking at a distant light throiigh a handful of sodVstriiws.) Such "col- 
limatoj^' ' accept x-rray s from a circle of about 5^ in the sky , and it is therefore 
impossible to distinguisH between two x-ray source^ less than 5° apart. In this 
case, the "angular resolution" is 5°. ' 

'There are jseveral ways to narrow down the area-ft^ sky where an x-ray 
source may be: One method is to sweep the x-ray telescope across the source 
(up and down, right and left) several times and note where the counts cease at 
the edges of the 5°. collimator field. In this way, the location of an x-ray source 
in the sky can be limited to an "error box' ' of a few arc-minutes on each side, . 
and the x-ray source caA be. identified with some known visible star> nebula, 
or galaxy in that box. . 

X-Ray Detectors 7"'- > . , 

The^simplest.x-ray^etpttoris photbgraphic^f^ as used ip the dentist's office 
or in a hospital; hbwevejCylilm doesn't work well in a sweep across in x-ray 
* source; If is also difficult |o convert the blackening of the developed film to 
the number of x-ray photons that* passed through it. Therefore, x-ray as- 
tronomers have constructed several,types of x-ray and gamma-ray detectors 
that are quantitative and more sensitive. The earliest detector was an ioniza- 
tion chamber-r^a gas-filled tube with metal electrodes charged to a fe^ volts' 
potential difference (pig. 2.7). When x-rays pass through the tube, they ionize 
sonie of the gas by knbaj^ing electrons out of the atoms. The gas then conducts 
a small current bfetween tfiejejectrodes-thatris prbportional to the intensity (the 
^number of x-ray photoifc passing througAhe tube each second). 

Later modifications of the ionization chamber greatly iniproved its sensitiv- 
ity by increasing the voltage between the electrodes and reduciiig the. gas 
pressure. yThese new detectors (Geiger counters) simply counted each x-ray 
photon passing through fey amplifying each pulse of electric, current .^^^^^ 

The Jatest detector, the proportional counter shown-in-Figure:2::Brrs filled 
with gases such as argon and methane at about atmospheric pressure . When an^ 
x*ray parses through, it ionizes the gas, and the high voltage (approximately 
2000 volts) causes the ions arid electtons to * • Cascade ' ' toward the electrodes , 
producing more jons arid elecUx)ns0,the^ay. When theseions and electrons 
,.hit the electrodes, they pfbducfe a pulse, of current that is proportional to the - 
original number of ions formed by the x-ray. Higher energy x-rays form more 
ions in the tube and thereby produce lar^r pulses. The electronic Circuitsprts 
the pulses and stores them inV 'bins" (different sections of the electronic 
memory) according to pulse sizi^ Because the pulse size is proportional tp the 
x-ray energy , the first bin ^ets the counf of x-ray photorts with energy Ijetwefen 
120 and 140 elecUx)n volts (low energy, small pulses). The second biagets the 
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. Figure 2.7 Ionization chamber. The current reading at A measures the number of x-rays y. 
1 ]^ crossing the tut>e per second from «M directions. 



count, of 140- to 160-el(ectronvolt photom; the third bin; 160- to 240- 
electironvblt photdns; and so on up to bin 12S, which gets the count of 9.5- to 
lO S-kilpelectronvolt photons (high energy, large pulsSsVThus, the proper-, 
tionai counter measures the x-ray spectrum — the nunnberbtf photons in each 
energy range or in each group of wavelengths. 
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Proportional counter. An x-ray photon 'ionizes a gas atom, releasing one qr figure 2.8 
more electrons that are accelerated toward the high-potential anode, ionizing 
more atoms and releasing more electrons— most , of them clQse to the anode. 
The large electric put;se of this cascade is prop<nrtionai to the number of iqiis 
formed by the xrray and therefore to the energy of the x-ray photon. 

' - » . ^ * 

.. . :■ ■ .^r . \ ; . ■■■ .. • ■ 

Investigators can, of course, choose the numj)er of birts to* be used and the 

V pulse sizes to be stored in*each bin. On a spacfe mission like Apollp-Soy 

\ they can also select the interval of time the x-rays are counted before the b^ 

■ . are emptied by radioing the total count to Earth (the NASA Lyltaoq B. 

Johnson Space Center (JSC) in Houston). To detect short-term phanges in 

x-raiy intensity and to keep the bin size (number of counts) reasonably small, 

investigators make this counting-time, inten^al small. The Apollb-S^ 

v^stigators used a counting interval of 3 milliseconds. ^ / , 

. This 3-millisecond interval shows how fast the proportional counter is. 

Each electron pulse lasts about I microsecond. Even in a high/ihtensity x-ray 

. beam, the chance of two photons arriving within I micfoseccind is extremely . " 

small. (The two would then be counted as one.) Statistical corrections can be 

made later if the count rate ever gets that high. . / / 

For lower energy photons (ultraviolet photons of energy from 4 to 200 

electronvolts), a channeltron can be used as a detector. | 
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Gamma^Ray Detectors 

For higher energy photons (gamma rays), crystal scintili^oi;s are us^d ais 
detectors. In some transparent ci7stals, such as sodium iodide (Nal),'.^amma 
rays produce flashes of light (* *scintillations") as they ^fe absorbed* Each 
gamma ray is converted into an electron-positron pair. The light flashes aje. 
converted tD electric pulses by a photomultiplier (a sensitive light deieptor) 
looking into the crystS^ and thie pulses are counted. The only problen* is thaiv 
<:osmic -ray particles also produce scintillations in (he cryst^, an anticoin-, i 
cidence detector must surround the crystal, as shown .irwFigiire ?;9, and. 
subtract the particle counts. Fortunately, a transparent pliastic, such as lucite, 
flashes when a high-energy particle passes through but igrorcs gartinia rays> 
Therefore, flashes in the plastic that coincide vyith flashes in the'crystal can be 
canceled in the anticoincidence detector. • ' 

A honeycomb or eggcrate colliinator doesn't work well as a gariima-ray 
telescope because the honeycomb material emits secondary gamma rays \yheh 
it absprbs an incoming one. The detector would thus count more gamma rays 
than, were actually received: One way t6 define the. gamma-ray direction is to 
use the electron-positron pair created by the gamma-ray absorption. This pair>- 
with kinetic energy ^^qual to the energy of ihe igamaia ray, continues in the 
same direction (a result of the conservation of momentum) and can be. 
detected farther dcJvyn the telescope axis* by anpther particle detector (the 
Cerenkov detector in Fig: 2:9). As you can see, these high-energy-photon 
detectors must be complex in order to **sort out' ' photons of various energies 
coming from one direction and to avoid cosniic rays coming from all direc- 
tions. , / * 

It should be noted that cosmic-ray particles are also recorded by **tracRs" 
in the glassy pirticles of the lunar soil. When etched with hydrofluoric acid, 
these soil particles show microscopic lines caused by cosmic-ray particlesthat 
penetrated them: the deeper the pe:netration, the longer the track and the 
higher the cosmic-ray energy. Geophysicists count the number of tracks per 
' square millimeter in many different particles that have been exposed op the 
lunar surface, Th^y can estimate \yhen theSe soil particles were exposed by 
noting the depth at which the soil was collected by the astrqnauts/In this way; 
the lunar soil, which has recorded cosmic-ray intensity during the ISkt few 
biifion years, is used by geophysicists as a cosmic -ray detector. 
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y!^ Tho Beglhhihg of^X-Rs^^s 

Although cosmic rays were well known in the 1950's, no astcdncnnier ex- 
pected to find x-fliy sources in the sky. Because x-ray$ ^ bl«ed by the 
atmosphere (Fig. 2.2), x-ray telescopes had to be carried butsid^thc .atmos- 
phere by scjjmmng rockets. These rockets have been ased since 1^46 for 



"far-ulSraTviplet observation Sun. As shown in TFijgurc 3.1vNASA's 

small Aerobee rockets can be shot up^20 or 480 kiIometersX2()OGT 3pO inil^ 
fora few minutes of observations, and the instruments can be recovered when 
they fall back to EaitK." Instead of pointing the rocket in a preplanned 
direction, the founders of x-ray astronomy, Herbert Friedman of the NRL in 
, Washington, D.C.,- and Ricca^rHo Giacconi of the American Science and 
■; Engineering Comply (AS&jE) in Cambridge, MassachusejttSy ariranged to, 
» spin the rocket and survey^ a large part of the sky by s>R^eps with an x-ray 
telescope pointed out the side of the rocket. 

it wis in this way that rocket flights in 1963 first discbvered a strong x-ray 
..source in the cpnstejlation -Scbrpius and m^^ xn Taurus; AstronorhCrs 
. named thesfe ,new#j)bje^ts by.ihe con»tellatio& nine followed by * * X- 1 . " The 
designations **X-2V' **X-3,/^and so on ware used for x-ray sources later 
V discovered iii the same const^^tion. Each constellation covers an area of the 
: ' sky ^bout 1(f or 2(f on eac^jyde. Because of poor angular resolution, it was 
difficult to idcjntify these x-rajfcources with astix)n<3[jnical objects. Taurus X- 1 
.was iocatcjd accurately when iv wasocciilted (eclipsed) by the Moon. An x-ray 
' telescope, on a rocket recorded the time wheji the Moon passed in front of the 
source by timing the x-ray .cutoff. The Moon's location was accurately 
kiiowh, and Taurus X-1 hiad to be in a small strip of sky that was along the 
Moon'is edge at that time. Taurus X-1 was thus identified with the Crab 
Kebula^ and its size could be estimated from the time taken by the Moon to 
.•" ::. cover, it 

. .The fantastic C;rab iSiebula (Fig. 3,2) is a glowing mass of gas known to hSe 
the remnant of a supernova explosion in A. 1054, when.a very bright * * ne'S? 
i . iStarV was seen by Chinese and Japanese astronomers. In the 9(X) years since 
.^^ gas hats expanded to the 3-arc-minute nebula 'sho\yn in 

. .: Figur^3.2.^^^^^^ sehse; the violence of such,a giant star exploding 

could* ave a source of*l]i^h-energy x-rays that might last for centuries, the 
.-^Sunyasads6f6^nd to.be an x-ray source, the most intense in pur sky because 
vStis^^o dose ■ HoM^eveff, if our Sun were at the distance of the next nearest. 
■(4 fight'-y^^ be barely detecjable as an x-ray source. 
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Figure 3.1 Diagram of an Aerobee rocket flight. 
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^ Th6 NA$A Uhuru XrBav Satellite 

During the 1960's, X-ray astronomers discoyeied a fe^ 
by using x-fay telescopes on rocket flights and on seine uninahned satellites. 
Two of these x-ray sources were identified with supeimpya'remqants and 
several with the Large Magellanic Cloud (LMC) outside our Milky Way 
Galaxy. Then, in 1 970, the NASA Explorer 42 satellite, Vhiqh was devoted 
'1 entirely to x-Vay astronomy, was launched from Kenya in eastern Africa. The 
S launch day, December 12, 1970, was the seventh anniversary of Kenyan 
independence, s(i Explorer 42 was named £//iMrM , which m 
Swahili. It carried two x-ray telescopes that were pointed out opposite sides 
^and scanned the sky as the satellite rotated slowly (once every J 2 minutes). 
The x-ray telescopes were built by Giapconi and hi^ collaborators at AS&E. 
These men analyzed the x-ray coiiiits (energy of 2 to 10 kiloelectronvdlts) that 
\yere f^^mitted by radio to the ground receive^ of the NAiSA Spacecraft 
■Traclcing and Data Network (STDN). 




. Figure 3.3 Location of an x-ray source in the aky by the Uhuru satellite. Xyip of Uhuru's 5*. 

. swcNBps gave maximum count rates for the heavily outlined strips. The x-ray 
source must be ih the shaded "box** where the two strips cross. 
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if hunt circled the Earth every 96 minutes in ah orbit 540 kilometers <33S 
miles) above therBquator at an orbital inclination of 3^. Its spin axis slowly 
cluihged so that the x-ray telescope swept across each source fix)m different 
directions (Fig. 3.3). The telescope coUimatoirs eabh had a fan-shaped beam 
y wide by 0.5° thick (along the sweep direction). As these fan-shaped beams- 
swept across a source in the sky, the x-ray count rate increased to a maximum, 
then decreased. The time of the maximum count rate showed the 5° by 0.5* 
strip of sky where the source was. On a later sweep across the same soiirce, 
another strip was plotted that crossed the fil^t one; The x-ray source was 
located in the "box" where the two strips crossed. This technique* dan 
determine the location of an x-ray source a few arc-minutes. 

X-Ray Sources ' i^^^^^^ v 

: - . J: ; ■ ■. -N- , 

■J- *^ ■ ■ ■ ■ 

Uhiiru had located and measured alf^^ost 2Q0 x-ray sources before its elec- 
tronic circuits failed after 3 years ^ operation /^^hough the eairly source 
names' (Scorpius X-1, etc.) are l^ing retained, numerous new spurces are 
known by theircelestial coordih^s,^ right ascension (which is likeiongitude 
pn.Earth) and declination (likipatitude)— see Figure 3.4. Thus, *'3U 0930- 
40" designates a source inthe^Third (last) Uhuru Catalog at right ascension 09 
hours and 30 minutes (on a scale increasing eastward from 0 to 24 hours) and 
declination -40Pv . - 

The 3U sources are plotted in Figure 3.5, a map of the sky where th6 usual 
right-'Uscension and declination coordinates iiave been replaced by gala^ic 
longitude and latitude! Thes^e coordinates are based on our position within the. 
N^y Way Galaxy— a huge disk dfrnore. than 100 billion Stars plus gas and 
dust (Fig. 3,6). Our Sun is located about t\ir6-thirds of the Way from the center 
to the edge of the disk. From our positioh inside this di^, we see the familiar 
Milky Way band of s'tars around the sky, representing a view along the disk,/ 
The concentratibn of stars in the Milky Way is highest in the direction of the 
Galaxy center, toward the constellation Sagittarius. Galactic longitude is at 
this point and increases eastward. (InFig. 3.5, which is a map c)f the Sphere of 
the sky as seen from the inside , east is to the left. ) Galactic latitude begins at 0^ 
along the Galactic Equator — the middle line of the Milky Way band seen in 
■ thc'sky. .•,./', / 

It is clear that strong x-ray sources (shown by.the large dots on Fig; 3.5) 
tend to be cbncientrated ne^r the Milky Way, which indicates that they are 
probably objects in the disk of our Galaxy. However, two groups at the lower 
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right'(galactic longitudes 27(f and 3p(f platitudes 30P and 35° S) are identified 
with the Magellanic Clouds, two small galaxies definitely outside our Galaxy 
(extragalactic). The Magellanic Clouds are visible only frgm the Southern 
Hemisphere of the Earth; they are not visible from the United States. 

pther sources near the Galactic,North Pole ;^latitude 9(f N) are probably 
extragalactic. The faiA ones near the Galactic Equator niay be extragalactic, 
or they may be objects in the Milky, Way disk that are faint because o f the large 
distance between them and the Earth, 




^^.^^^^ t^^ as much as 2(k) 000 

;light-yem fi^^ Clouds and 100 000 light-years across our 

balaxy .Thi^fact^ us back tothe penetrating power of x-rays. Some o£ 
the ordinary lightiirom a star is absorbed by interstellapr dust as it trayels across 
the Milky- Way disk. ^^^ the largest telescopjBs; optical astronomers 
caiuiot see as far as the center bfohrpalaxy, HoWeyer, high-energy (har^) 
x-niys come through the dust as easily as thrpugH a piece of paper)(which is 
about thp equivalent of the dust in our line of sight across the 100 OQO-ligW- 
year galactic disk). The faint source in Sagittarius could be at the Jfar edge^f 
the disk--HDr even farther away in another galaxy. 





A map of 2- to 1p-kiloelectronvolt x-ray sources located in the sky by the ^ Figure 3.5 
Uhuru satellite. Consteiletion names indicate their approximate arisas. Ursa 
Mijor IS the "Big Dipper." Sagittarius Is In the direction of the center of our 
Milky Way Galaxy. The Magellanic Clouds are outside galaxies. ^ ^ ^ V 
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Figure 3.6 Top view and cross Section off the Milky^Way Qalaxy/a gigantic rotating disk off 
stars, gas, and dust; about 100 000 lightryeaujn diameter ^nd 500^ 
years thick, with a bulge or halo arouiid the center off mass. ' 
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You nnight thmk that, the brigh x-ray soui^pes (large dots on Fig. v 3(15) are 
the ft&arer ones, but Ihe brightness that we observe depends on (vyo factors: 
distance and intrinsic poWer. A bright x-ray source niay be a distant one of 
very high jrttrinsip power; that is, high power output. The faint ones may be 
relatively nearby stars witb very low intriniiic x-ray output. Identification of 
the x-ray sources with optical objects can help solve this problem; For 
instanile, we know how far-away the Grab Nebula is and, from the x-ray*, 
brightness, we can compute lits intrinsic x-ray powier output. This power 
output is probably sinxilarto tl^e intrinsic power of other supernova remnants. 
However,'' this does not help us to determine the intrinsic x-ray power of jc-ra> 
stars like Scorpius XtI, because they may generate x-rays in a completely 
different way. 

Explanations^ of Intrinsic X-Ray Power Output 

Normal electromagnetic radiation from a very hot star cannot account 
y ' for x-ray sources. Astronomers find many red and yellow stars with tem- 
peratures from 3000 to 6000. K, fewer stars from 7000 to 20 000 K, and 
. very few stars as hot as 50 000 K. (One star with a temperature bf 100 000 K 
\ was observed from Apollo-Soyuz; see Pamphlet III.) To radiate, mostly 
>c-:rays,"a star's surface would have to be 10 000 000 R ;or hptter. (The 
, . dominant wavelength/ in angstroms radiated by a * -perfect black body" at 
temperature 7^s = 28 80b OOO/T,) The surface of such a sujperhbt star 
would cool v^ry rapidly, however, unless. the star had an inexhaustible fuel 
supply. The total energy radiated per second is pfopprtional to 7^, ^nd a 
sizable fraction of this energy appears in visible wavelengths. If x-r^y sources 
were superhot stars, they woiild be visually bright and would probably dis- 
appear after a few months or a year, whiph is not the case. . * 

Physicists have studied the generation of x-ra'ysiind suggest three pbs- 
. sibifities for the sources m space: (1.)" bremsstriahlung, . (2) synchrotron ; 
radiation, and (3Mhe: inverse Comptoh effect:" 

\ 'Bremssirahlung. Bremsstrahlung is a German word* meaning 'brake • 
radiation'* and is the source used in dentists* and doctors'" x-ray machines. 
The "braking** occurs when a high-speed^electron or ion strikes some other 
material and is decelerated, stopped - or bounced off in a new direction. The ^ 
theory of electromagnetic waves predicts such, rzidiatibn when ah electric 
charge experiences a large acceleration (clujnge in velocity). The only ques- 
tion is how the electrons or ions got their high velocity out in space in the first 
place. ' _ '. ■ ,• f ■ , 

There are several possibilities. We know that there are extreme cond 
> in the atmospheres of stars— high-speed particles (such as the solar wind 
coming from. the Sun),~ electric -fields, magnetic fiel^ very high 



teniperature^aU of which Wfect Hie of electrons and ions. How- 

ever, none of these conditions explain the acceleration of electrons to speeds 
high enough to produce x-ray bremsstrahlung of the eniergy measured in 
Scorpius X-l._ Another possibility is gravitational force.. If matter falls in 

^ward a hot, massive star, it would be ionized into electrons and ion§, which 
would then impact on the surface of the star. 

Figure 3.7 shows the calculation of impact velocity (which is equal to the 
velocity of escape firom the star's surface; see Pamphlet I) the resulting 
photon energy^in electronvolts (I ^lectronvblt == 1.60 X 10"*^ joules). The 
infalling protons with a massm^ of 1 .7 X 10""kilograms have much highpr 
kinetic energy than electrons with anriassm^ of 9.1 X lO'^^^iJograms. (The \ 
kinetic energy of the electrons' is 1840 times smaljer.) The proton impacti:/ 
therefore give the soft x-ray bremsstrahlung from an ordinary star. Each 

. electron impact releases approximately 1 electronvolt of energy and produces 
infrared photons (see Site. 2B). To get hard x-rays of energy 50 to 100 kilo- 
electronvolts (Fig. 2,2), proton impact velocitiesof 3000 to 4000. km/sec arc > 
required. Such velocities are possible only if the star is much more compact 

: than the Sun (about one thirty-fifth of the Sun's radius), that is, having 
much higher density and much higher surface gravity. 
, Normal stars are about the same size as . the Sun, approximately 10^ y 
kilometers in diameter and 2 X 10^? kilograms in mass. Giaht stars are 100 

'times larger and 10 times mor^ ipasSive. All these stars are kept **puffed up" 
by the huge release of energy from nuclear reactions in their cores ^(see 
Pamphlet III). In these nuclear reactions, hydrogen is converted^to helium 
under the extremely high, pressure and high temperature in the core of a^tar. 
After most of the hydrogen is ^ed^ the nuclear-energy output decreases, and, 
genefrally after an explosion, |tie.old star collapses. Its gas is no longer kept , 
inflated by radiation pressure and hot gases. Gravitational' force pulls the 
cooling ^^s into a White Dwarf. Other Changes occur in the compressed gas, 
which becomes **degenerate*'-*^that is, it no longer follows the norfnal gas 
laws. Gravitiftibnal force has less and lessopposition and pullslhe material of 
the star into such a compressed state that most of the atoms are broken into 
neutrons andjammeid close together. The density becbmes e;ctremely high. 
WhUe-D^iv^ stars are abput-l()0 times smalleVthan the Sun> A Neutron S^af^ 
should be less than lOOkilometers in diameter, or less than, one-hundredth oT 
the diameter of the Earth, , 

-Newtoh's Law ofGravitation stales that gravit^tiohal'-force F'g =:JimAilr^ 
(see Pamphlet 1), where G is a constant, m and M are the rnasse§ attracting 
each other, and r is the distance between them. Because is in the denom- 
inator, Fg has very large values in a collapsed star. These huge forces further , 
compress the material of the star and overwhelm nuclear forces. White Dwarfs 
and Neutron Stars are stable stages in this process of collapse, when the 



material resists further compression for a time' (perhaps lOQ million years). 
When the density reaches values like 10* gm/cm' in a White Dwarf, it 
changes the geometry of space, as stat^dan Einstein's Theory of Gep^ral 
Relativity. If the star's mass M is large enough and its radius /? gets smiall 
enough, space is; curved so shaqdy around the collapsed star that lijght c^nojt 
get out; At this stage, the stair, now less than 10 kilometers in. diami^t^'^/ 
becomes«a **Glj|ack Hole. ■ * (The Earth would have to be squeezed to the size oT 
a Ping-pong ball to becpiije a Black Hole.) X-.ray observations have recently . 
given ne>y evidence of Neutron Stars and Bl^ck Holes.. >yhite Dwarfs have 
been observed with optical telescopes for the past 55 yeprs. 

Figure 3.7 gives a.suTiplified picture of elect]X>ns and protons falling into stars. 
The electrons and protons are accelerated to the velpcity of escape before ' 
they strike the surface of the star. Actually, there is gas above the visible' 
• surfacd of an ordifiaiy star, like' the corona above, the Sun's surface (see-: 
Pafnphlet in). So the electrons and protons seldom reich the fuU value of. 
'v^,= 615 km/sec. When the electrons strike gas atoms at speeds of 500 to 
600 km/sec, their kinetic enecgy is equivalent to about 1 electronyolt. The 
prot6ns tiave about 1840 times as much energy and give soft x-rays as 
brenisstrahlung. However, if the star is a Neutron Star with much smaller, 
radius {Ri^)y the impact velocities are more than 80\times larger, and thei 
jprpton bremsstrahlung comeS. off as; gani'ma liays- witt 14 megaelectroh- 
volts of energy. Eyen the electrons falling on a Neiitron Star produce 
.7-kiloeleqtronvolt x-ray bremsstrahlung. , . . 

Where does the infalling matter come from? Astronomers guess that itt'^ 
comes from another star close by — ^a less compact pompanibn in orbit around 
the compact star,* as described m SectioA 4: This scie"ntific sleuthing also 
Jmds other means of generating x-rays in space. (The good detective-scientist 
'tries to fit all the available clues and then get mor6 evidence rte; *iproye his 
case in court.'') , ' . . 

2, Synchrotron radiation . If there is little material on whiqh to inipdct (that;, 
is, if there is no possibility of bremsstrahlung), higlH-speed electrons in nearly; 
^"emipty space can generate x-rays by spiraling in a magnetic field. This effectu's .. 
well demonstrated in modem physics laboratories with a synchrotron, a. 
machine in which groups of electrons or protons are guidbd around circular '^ 
paths b^ a magnetic fieljd, Their speed is increased by an alternating electric 
fielid pulsed to pull thefn aropnd in theirprbits. Such a machine produces light ! 
and x-rays because the electrohs oscillate in spirals arqtirfd the magnetic tiVes 
of f6r<^:.rTh(9* sabe sitjiation. could a^ / ^ i 

■ Bach oscillating electron emits synchrotion radiatiorij— electromagnetic 
waves of frequency / that depend on the electnJn's speed v and t^ie strength H 
of the nriagneric field (/* is proportional to //m^v''). Even in a-j^alL magrt^tit • ; 
fieicl(much less than exists on iEarth),,an electron iTn\)vingati5^^^ 



Vq escape velocity . ^ ' ' ' ' v . ' 

G gravitational constant . r. ' 
M. starls rriass'; * . 

. R star's radius ■ ■ ■.'':''* t ■ 

E photon energy / . ' 
E/v photon energy of a Neution Star ■ 
mry proton mass ' ' 
V fl/v fadius of flr Neutron star ■ * . . • 

Vg/y escape velocity from NiButron Star '-''^^^ ■ 

Infalling free^'electrons arid protons ■ . . ;;,-'lfjwiact .Vi^Jdcity 



Super dense. 

Neutron 

Star' 



"'r-/. ' . ■ 7>'" '.'.V. v'-. \'- y'v . ■ 

, ImiMcts off infaliing electrons on a^ari. Only vflfry.deiMfli^^^ra gra- 
vitational ppltential to generate hiitf" x-rays by Irhpii^i 'tlKei^ 




. will radiate x-rays. Again/you ihay. ask, where d0he high-speed electro 
; / come from? And what caused )the. m^^ space? Astronomers 

f answer that the strong magnetic field, iifwide a^^ would be trapped in 
jthe •■plasma" of ions and eleqtjcons arid cad^ weakenied; 



1a:. 




^ field forcM the eleetrorat tp4*ap^rarVaround lines of forde. 
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to great distances by a supernova explosion. The Crab Nebula (Fig. 3,2) may 
thus have a magmetic field ^fhroughout its large volunie; ]^lectrohS might be 
shot into this magnetic field from nearby starsT. In any c^i^, cosmic rays.,a[re 
passing through it. and emitting synchrotron radi4iQbJ$)E?iiigher eWgy^^^ 
the electrons." '. , ■ ^^^j^^;-. -^Cv^ ' . ' ■ ' ■ ■ 

As seen from the side view (Fijg. 3.8)/syhchrotmni:^d^^^^^ 
plane polarized.^ (It is circularly polarized if viewed ^gng thq niagnetie 
field.) Plane polariSKatipn was found in light and x-rays froin the Crab Nebula 
ig. 3.2), which cbnfirmeji that synchrotron radiation is^ipmiiig from that ■ 
nebula. Synchrotron x-rays are to be expected from fmriy la^ge v su^ 
as nebula^, whereas bremsstrahlung x-rays are more likdyprom^^ 
stars. In addition, there is good evidence of a small maghe|^tfiidid tijirpughout 
the disk^bt QMf Galaxy and synchrotron radiation can\^cmtf ;whe^ elec- 



tnins drv Otter charged particles arc shot into it. '.W-}- 
3. Inverse Compton e^^cf^lhc inverse Compton effeft;|s| 
source of x-rays in space. The Compton effett^ (Fig. ' 
laboratory experiments by the American physicist Arthur Cbffli 
that a photon passing an electron and an ion in low-density g^ 
the electron (that is, increase the electron's energy from 



^Project Physics, Sec;;/. 13. 7, . 
/ ^Project Physics. Sec. '20.2; PSSC, ScVr,l5.4 




thiird 'pbssible 
li^poyered in 
rilHeifound 
^hrO>v out 
b)^ losing 
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Flgura^.9 - TiMiXSompton effect. In Itiis Interaction iMtween en x-riy en^ ^^^di^^f?" '■•':<"■ •i- ' v ' ; v 



or.: 



" ; ' ;^Spme^^^ enelrgy (/j/;)^ That is.Ej ~ = fjf^-^hf^, viii^ 

; , . inYcrse (iccurs; for instancey;when a photon oyertakei^ an flection niovingjitt 
The energy, and ft^uVncy of ^ 
en^gy of the electron 'is reducedr*^fig. 5:10). After several^ suph \ 



'■>:t.'.V..-'..;V; 




I ^ Figure 3.1 0 The li]|yerse <i&bmpit^ 
. A • ■ the electrori^reidtfty 
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effect* When the angle between ari Incoming phofon |f)d 
Is correct, the eliocfron loses energif to the pNobn:^ ' 
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GUiestlc^s for' ^ V 

'(Atmbspheii, Pkbck Law^^ ^ ; • ' 

' This ne w.ficld x-ray astronomy has. raised several questions that tteed more 
ttiought aodieseaich. The following go beyond the content of this pamphlet ' 
. but are interesting topics for discussion. ' . 

i» If the Earth* s atinosphere were suddenly made transparent Xo all 
wavelengths of electromagnetic radiation (Fig. 2y2), what major changes . 
would yot^ expect on Barth? If it had always been this way, what further 
differences would be expected? 

2. In a color television set, there is a trahsfonner giving a potential of 
20 (XX) volts for the scanning electron beam. Every 0.05 second, the beam 
scans.the 'Picture in S2S lines, each line consisting; of 525 dots (picture 
elements or^ "pixels"). What bremsstrahliirtg would be-expected fiom the 
teleyisipA tube? 

■<*■»'■■ ' - ■ ■ . 

1 3.Vln Section 2A, the statement is made that hot bodies radiate all 
' wavelengths in the electromagnetic-spectrum. What about z^ro wavelength? 

Cosmic rays come from all directions. Some- are absorb^ e^h $egpnd. 
by the Eaith, other planets, iht Sun, and stars: Does this rrieafi that cosmic* 
rays are decreasing in, intensity? . 

■. * . • ' ■ " ■ '* " 

' 5» Hqw can we measure or estimate the distance to m x+ray .source? , 

6. What further measurements should bp made on x-ray%ources by a new 
bighrpniwgy Mteliite to repJaceV/iM^^ ^' '^{^f ' - , 

'7, Where doe V the energy come from tli^f .is in synchrotron 

'x-rays? ■ v ; ' ' * • ' ' ' ^ 

8v Ktbsmic-ray electrons are passing through a magneticfield throughout 
the di^ipKi^r Galaxy , what would you expect to be added to the map of x-ray 
sourcesMuiiftie sky (Fig. 3.5)K v 



'Aj,: .• r- •■ • • ■ , »• 

- ' • . •^.•.•'f.» ' .... • .J * • ■ • 

.■ * .■ . ■ > • , , ^, ■ « ■ ■ ' 

'■ ■. *•»• . • • .■ ^ 

■ • . ', ■ 31 
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X'^Ray Specfr 



Differences i^^^ 
Scrft'X-Rays- : ' --^J- , v-- .■; 

Because of the penetrating ix>we^ ' 
3 . 5) through the interstellar smog of c^ur Milky Way GalaXy , but we ha\fe"ho 
easy way to estimate hoW^faf away ihS:le .spurces are . The optical astrotlbmer 
can estimate di^tance^ of stars iii the Mill^^^ay by inters^^ 
by the strength of interstellar ab$orptibn line?:^^^^^ 

occurs jt)ecause red light penetrates dust or striog better thari tilue light does. A 
f^irl^ dii^tanX is thus redder than it ought to be (^s'indicated by other. 

such as^the strengths of spectral lines) because most 
ij^J^jf^i^ij^^^^^^ has been absorbed by smog en route to the Earth. In the same 
*ii;in4nnerVs(^^ to 1 kilpelectronvolt) are less penetrating than Hard 

i^rx-rays Xi to 20 kilpelectronVolts). Thus, we expect that . rheasurements of a 
J-distant source would show, less thaa ^^ soft.x-rays^ whereas a neiarby 

" source wpijld have the vlhQnri^'- tatio of soft-to-hard x-rays. (So an 
actual standard for ''nomii h^s riot been established.) ' .' 

A partial survey of siift^j^^ys from sources in tfee^ilky Way was made by 
F. D. S^vk^ard on two y^^r flights in 1972; and the results.te?ib^.|^^^^^ 

confinrf^ this distance? itfect. Soft x-ray intensity in the 0.3- t<f:i?wJp* 
kiloelecfrpnvoU band was comp^^d to the hard x-ray intensity (2 to 10 
kiioelefiiron volts) m^ Two sourcefe stand out as being 

. neaitl^f Vela >;fX Cygniis >^-|i^Both are large nebuliae (supemova'rem- 
nantsjlevpjra(l;|jfegrees across and about 3000 li^ht-.years fromBarth. Another 
supemov^Vrhnant, Cassiopeia X-k(Fig. 3.5), could not be detected in soft 
x-rays of energy 0.3 to 0.5 kiloeleq^^volt, although it showed weakly in the 
.0.5 to l-'kilq^lectrionvolt range, it is estimated to be 10 000 light-years 
distant. HpweVer, other soft x-ra^ sources are^ncTr'nebiriae, aQ^ the rajtio of 
their soft:J|Orhard x-ray strength is possibly different because of the way their . 
x-rays ar^'^fenerated. Seward estimates that seven of these sources are about 
40 006|j|^i|i^ars from us, riear the center of the Galaxy, and thatanother 10 
are aboiii^^S'OOO li^-yeairs away^^ -^^vvi^ 
• Optical spectra cari help spfepify whatthe ''rionnar' colorof a sta^iisiiQ^^ 
be, and hence the degree of a stai-'S reddening can be used to estfftia'tM^ 
distance. However, further study of\x-ray spectra is needed before;4tstances 
can be estimated from their chariact^ristics. Until that is doaei.rfe1(iab}e.dis- 
tatices of x-ray sources come only from opti^'^tudjes of thc 'bhjects' with 
^ which they are identified. .\ \ ^i'^^^lR -^^ . V 
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g TheSpft X^Ray Expe^^ 

- V ■ ' Tte MA-048 Experiment was a sttdy of spectra jn the rang from 6.1 to 10 
" kiloel^tronvolts and a survey of' Uie soft Xrray background over a large 

fraction^ the sjfey. Although the x-ray detector, i 30- by 75-centimetcjr (12- , 
: ■ by 30-ihch)propbrtipnal counter (Fig; 4^^ 

downs between tlie electrodes (at 2700 volts), it detected 12 x-ray sources, 
' ' including Gygnus X-2, Herculei X-lv Vela X-1, SMC X 
MageUariic Cloud, and the White Dwarf star call 
; prepared by MiltonHumason and Fritz Z\yicky in 1950^^^^ 
* in 0.25-kiloelectronvolt x-rays was nieasured on a separate w 
two new emission regions were discovered from ApoUo-Soyi^ 




T^ MA^HS proportional couhfer (Fig. 4.1) consisted of a rigid box, 5 
centimeteri (2 inches) deep, with a thin plastic fiponl Window that faced 
outward on the side of the Apollo Service Module near the back. This plastic 
. membrane (Kimfpl polycarbonate) was only 2 micrometers; thick. It was thin 
inorder to admit soft x-rays; which are easily absorbed. The membrane was 
support^ on the outside (against .a l.l-atmosphere pressure inside) by an. 
atcl^ honeycomb collimator with a 4** field of view. When tested befoiie 
fli^t in a vacuum chamber, the membrane did not break but it leaked gds at-3 
ciri'/min . The gas had to be replaced during operations from a tank (gas bottle) 
bn the back. This proceduris required accurate valves.: The gas \yas a.mixture 
. i^f 90-perceni argon and 10-pcrcent methane that was chosen for its absorption , 
^^f soft x-rays. (The x-rays ionize the argon, )The pressure and temperature of 
the gas were measured continuously and transmitted by radio to the Mission 
Control Center at JSC in Houston. 

Many cathode wiits, grounded (at zero potential), were stretched across, 
the box as shown inPigure 4.1, andasetoif;seven anode wires (?it 2700 volts) 
was located near the front membrane. A soft x-ray photon would ionize the 
argon-methane^as near the front membrane; it could not penetrate to the back 
of the box. The freed electrons //cascaded" (Fig. 2.8) and produced mdre 
electiions/ All the electrons collected on the anode wires, which recorded a 
current pulse proportional to the photon energy, When acosmic ray ionized 
the gas near the back of the box, the current pulse was also. recorded by a 
second set of seven anode wires (veto.anodes) near the bkck' (Fig. 4.2); This 
count was subtracted as in an anticoincidence detector (see Seci 2F). The 
Electronic counting circuit is shown in Figure 4.3. (The data anodes are near 
the front membrane and the veto anodes are'nearthe back wall of the counter.) 
Th^ anticoincidence gate cancels out simultaneous pulses from the data and 
. veto anodes. The analog-digital (A-D) converter converts each pulse into 
binary digits and sorts pulses into 128 bins according to pulse^ si2e, thereby 
recording the count of, 0. 13> 0.15-, 0.20- through 9.0-, and 10.0- 
kiloelectron volt, photons. The measured spectruro of Cygnus X-2 (the 
strongest Source detected), is shown in Figure 4.4. 
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Simplified block diagram of the MA^048 detector. electronics system. 



Figure 4.3 
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Figure 4 4 Spectrum of Cygnus X-2 observed by the MA-b4jB Soft X-Ray I 



rtent. 



Q MA-048 Voltage Breakdbwn 



^^ \ . ".. . 

The MA-048 equipment was carefufly calibrat^d;5rf^^ 



NRL before the Apollo-Soyuz. flight and chec;|:^put 
pressure meters, thermonieteirs, electrbnicsKaM^i^A^ 
Space Center (KSC) just before the Aj?oUoil4^r^^.^fe 
successfully for 25 minutes after it \yas first (Uf^^^^ / 
breakdown occurred. A -discharge (electric cJ^^ff^^ ; , 

anode wires and the^i^jathode wires or walls toot^^ 
by dust or small irtpgiilarities in the walls or wi^^^(^*^^^^ 
high. The gas becairrie cohtinubusiy ionized (nojp^ls^^ 
With the astronauts' help; the counter boxes weirj^i^^^^ 
and refilled, with the^\rgon-methane mixture, b^t|:|^^^^^ 
occurred 
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jfiUed .with thfl>\rgon-methane mixture, b^f/'^^^^ 

•ed agiin J or 2 minutes after the 2700-v6it;:w^nMai^ V 
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'It looked as if the Soft X-Ray Experiment had failed. Howe Ver^ because it 
: worked for 1 or 2 miiiutes afterbeing turned t)n, the NRL investigators at the 
> yission Control Center suggested turning the voltage on and off every 2 
;. . minutes. Tlie MA-M equipment subsequently measured soft x-rays in I- or 
'2-mihute intervals for an additional 30 minutes, making a totajfof SS minutes 
of successful operation for the experiment. 

•■' ■• ■ ■; ■■■ ■ ^ :,.'■■"■.*'■/ •' . ■ . A ■ 

MArQ48 .Experiment Resuits~-An X^Ray Pulsar 

Counts were txaiismitted to the Mission Control Center and recorded there as a 
function of time. A sample set for 14 minutes 51 seconds, shoNving ei^scan 
across Cygnus X-2; is reproduced in Figure 4.5. The full 55 minutes qf such 
data required many mpnths of study to determine the voltage breakdowns, 
discrete sources, and soft x-ray background emission. Jwb broad emission 
" regions in the background stand out. One, in the constellation Centaunis, 
; - Coincides with a supernova remnant estimated by^opticat Astronomers to be 
A^about SOOO light-years away : Its temperature is about 3 000 000 K. The other 
^^ion coincides with Cygnus X-6 arid is an area about P by 8°, estimated to 
be about 6600 light-years away and therefore aBbiit 1 10 by 1000 light-years in 
extent. Be^aHSje a supernova remnant should be a more or less spherical 
niebula, this elorig^ed x-ray source is thought to b& a result of several 
^iant-star explosions, all adding up to a3 000 000 K temperature of" the ions 

and electrons in an elongated region. * W 

. . ^'Another exciting discovery was an x-ray pulsar inlth'e Sm^all Magellanic 
cibud (SMC), a gdlaxy of stars, gas, and dust aiwut 200 000 light-years Ttpm 
us ltlbO 000 light-years outside ourGalaxy). The x-ray source SMG X-l had 
been discovered in 1971, and Ifhuru observations^show that it is a close pair of 
st^ in a 3.9-day orbit arbuhd each other. One of these isa hot blue giant star. 
;V -.The x-rays ia^ cut off^y an eclipse as this blue star conies between Earth and: 
^gijthe coh^mioiv star^^uy, , 

Tl}ei^5i|||^ measured by the MA-048 Experiment 

M-iipd by an tiarlier r(?^^ type of proportional counter show 

v^j51^C X- 1 isfltP^PnstaHtlp^^ photon energies from 1 .6 to 

"^7!|i^P^i^ i5 percent every 0.716 

:sdcondiW^ 

from p. 1 8 to d jii^'iii^j^ these very soft x-rays 

;^. y||e:^^^ absorbdtjfe^ll^e^^ the Earth and the SMC. 

was possible because the 

..;.j|^a4g^^ 

.' '^A^l is undoubtedly a pujij^^^^^ijiJ^M^ of x-rays. It has a shorter 

V period than^^dpj^n othet been observed: These pulsars ar6 

thoughtto 8e cbl^^^ Fig. 4.6) that are rapidly rotating 

and have^** hotspots*' oh t&erii; The two other x-ray^ulsarls in the Milky Way 
Galaxy, Centaurus X.O aTid Hercules X-1, are similar. 



^^. . 48 . : ' ■ 
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Figure 4.5^^ MA-048 soft x-ray count rateat as a tunctiofi of tlmo for 14 minutes 51^ sec- 
omte during the flight, in four energy bands. 
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If this theoretical ihodel is correct, the rapidly spiiming Neutron Star is a 
^source of bremssti^hlung Xr^rays, probably from material falling in from a 
"giant tide" on the companion stair. Forsome reason, probably its magnetic 
field, the Neutron Star has a hotspot where the x-ray output is w^^ 
; average. As it rotates, this hotsppt faces toward the Earth, then away, thus 
t^using the periodic variations in the x-ray counts measured by the MA-()48 
J-J^^^iycriment. At 200 000 Hght-years, SMC X-1 has jhe largest intrinsic output 
• (f X 10'* J/sec or 3 x 10'® ergs/sec) of any known pulsar: 

V When the NeutixJn Star moves behind the blue giant star, the x-rays from 
/ SMC X-l are eclipsed/The Doppler effect in the 0.716-second. pulses of 
x-rays due to the orbital motion of the Neutn>n Star should shorten 
as the Neutron Star approache^fe Earth and lengthe n them as ft r^^ 
2 days lat6r. If this Dopplei^fect (see PampWet IV) csuvbe measured, it will 
corifirm the model sketched in Figure 4,6 and detSnnine the orbit size 
^accurately. From the orbit^ize and period, the combined douW^^^^ 
be calculated^ (This has been done for Hercules X-1 0. The ' 'giant tide'- in. 
Figure 4.6 is less certiain. If the material from the blue giant star extends 
beyond the neutral (toint between the two^stars, where thie gravitational forces 
cancel, then the gas in the giant §tar is spewed into the Neutron Star 
in Figure 4.6, providing the infall for bremsstraJhJung x-ray^. 
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Orbital speed 
, in 3.89-day period 
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•About 10 million km. 
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Explanatipi^of the SMC X-1 x-ray pulsar. Figure 4.6 
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:'>|*5^ti^; : Questions for ;Disciissij6Rp:;^ . v ■ ^^^^ 

(Interstellar Matter, Instmmentai?^^^^ 



Dopplel: Effect) 

this is jusipne detectiye. study iff^be^iieh^^ and it is hj^ngmejajris solvexL ' . . 

• 'For instailq^'*; ;, ' ■■■■ ; " -■■ '^'f^^-'-'^^X-y^ ■ '^^r^'' [^.'x-^i^K ''-^^^^^ 

' 9. Why should the material ^6f t^^ 
neutral point in Figure* 4.6' when the 'gii^ti^rial fo^ stair is 

: pulling It back in? .^ f^-': vf > ' " .. . 

10- If you could observe Cygnus X-I^roni a place much closer to it than^^.i?\;!; 
vve ait, how would thet spectrum differ from that in Figure 4:4? . L j.^J'?- 

11. The ''calibration source" in Figiirfe4.1 contained iadioaqri^^ 
which emits 5. 9-ldloelectron volt x-ifays. How could ttiis h^^.t^erfSsed to . : / 
■ check the MA^(M8sen^ivity during the. Apollo^O^^ ; 

1?. What call account for the background of soft x-raysco^^ 
directions'^and detected in all parts of the sky?' ■■. ': • . ' 

-—^Br-BlacJ UJoles have no higteria Lsujfacer^ is a boundary through . 
iwhich no .waves or particles can pass. Whatprovi^^^ ' 

• electrons generating bremsslrahlung x-rays? 

14. If the Sun (with a present radius of 695 000 kilometers) weTrc 
to a White b\yarf, it would have arddius of 7000 kilometers; if collapsed to a 
•^isleutron Star, a 10-kilometer radius. What happens to the inaterial of the Sun 
(or any (jjther star)in such a collapse? What about the material in a Bladk Hole? . 

15,. If a Neutron Star rotating once per second is moving toward lis'l^ith a : * 
velocity of 10^ m/sec, what period of rotation would we measure fro 
of its ;hray emission (Fig 4.6)? 
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. Gamma-ray photons have the highest energj;r:4iFrdMj^^ipO kiloelectrbnvolts to 
IriOO megaeleclronvolts and higher,:;?Ffey :3ean in the same 

:manner as x-rays are generated . They 'qq from .cosmic- 

fay impacts, or synchrotron Tkdtatl^iV:J^ rays passing through 

'. magnetic field§, or the r^suljt'i)fth^ effect on hard x-rays. 

: Specific: .giui^^ decay of pi mesons (■'heavy 

eiectiten^^^^^ rays); from nuclear reactions; arid from 

maft^r-antiniatter annihilation such as prbton-'antiprptpn annihilations, which; 

produce lOO-megaelectronvolt photons, and electron-positron annihilations, 
Svhich produce O.S-megaelectronvolt pfiotons- Specific gamma-ray energies 

frbni nuclear reactions.are U^^d in physics laboratories to identify the nuclejff *; 

reactions. that^are takiji]^;pl2iCj^^^ ■ '-/^^^'^ 

i The penetrating poWeX oT g^ niys is so great-ilt^aitrt^ 
jnterstellar material yirt^dly^ N^ loss^S^jigeFj^i^^o^ 

ti^atvery high energy (more thaiT:|^^^ g^rti^&i^^'exjp^ 
■ eVcfe a IbssSn space by interacting with the i;^s.ldu^lTO^^ 
■ (a leftdve^C.from the "BigTBarig" origiri of'^II^^PJvisr^sfe)^ 

positron )^i|s. Because they are generated by co^trtij?^ gamma rays were 

jexp(^i:tedlo'*&fan[i^ mainly from a genera^ background all over the sky rather 
'.Jthan from discrete (isolated) sources. However; sieveral strong x-ray sources 

(such as the Crab Nebula) have been found to be gamma-ray sources also. 

^:,Gamnia-Raiy Detectp 

The^^l^ction of gamma-ray background and sources depends on crystal 
sci5itiflai(ors (Sec, .2F)— large crystals of gentianium or thallium-doped 
sodiuifiii ibdide; (*'Thallium-d6pedV means a small^mount of thallium was 
added during the manufacture of the crystal.) On^^^ficujty with these- 
detectors ,A$j^the " instrumental background," . flashes vth^g^re^./i<^^ due to » 
gammaTiaiysirom outside. The rate of these flashes mu^b^'d^^jptwned during 
prefligjifcaijferation. Experiments on previous Apoliofi;ig)^^owedthatthis 
backgj^Wd CO during the flighty probably bfecause cosmic rays 

and secondary rays were absorbed in the crystal and created radioactive 
isotopes there. (The secondaries include the neutrons released when cosmic 
rays are absorbed in nearby materials in the spacecraft.) Gamma rays are 
released as the radioactive isotopes decay inside the crystal and are counted 
the same as j^ t^^^f^ame fronri outside. V 




■> ' ^■.■■iu-^is4-'-; : 
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Q r ^The Ciystal Activ^l^^^i^ 

,Tp measure the: background chajng^^^^^^ gam^a^ray detect4|i^l^s- 

\ • ' tais were carried in Apollo-Soy uz and clre<ik iS)^iia^ ; 
: after the 9-day flight. In the Crystal Activati^^ 
other laboratories cooperated with GSFO iii i^^ 
: * materials after the flight: These tests were cooidwkted by J^^ 

" 'iGSFc. ■' ---—r-'L - ■ , 

. figure .5.1 is a diagram* of the sodium iodide 
■•;?^€'v;; a glass end-window tlvfpugh wM^^ 

f- V; ; backgrdiind flashesini^ and ppstflight tests. Such aciiystal scint 
V" * : ■ cotild be used to detect 0.2^ to 10-megaefectro 

jneed spine sort of anticoincideijde-plastic scintillator aftra Figure"* 

"■• // ■ 2.9/: ^ 'T:p'y.-\ ■ ■'\^-^-/'-''v'^^ ■'■ 

y-. Fig)j|h?.5f2 shows 

/^ h; . smallctgeiTnanium^d^^ 

' -vf'-- :'. unmi]iinT|"^^y<hich are used as shields and filters in gamma-riy counters: Bo 

- ^^ ^^ paeka^s;^Sy^re.i^^ wali of the AppUo Comm 

; "iiv" : itij^ereU 80 oh July 24^1'^'?^^^^ ; ' 

jr;^;;I^--U^^^ samples ^ji^ 6^ 



'Ml' '^-^ ^ few hours £tffer'^f^ v?;c 

. gaixiiffa^ra^^^^ 
exposure. Fifeiirfe; 5.3^^ oif the; ganm^-ray 'sj^^ 
• thaliium-dpped^^dii^ The ApolKSSc^^ 

' one-third the jeVi^iofUie^^ eacft'p^Srgjryianh 

.for 20 minutes;^:^g^.4Ite^gy channels arc each 2.54iqkii^lj^^vo^^^ 
. ^ranging from 25 kiloejectfonvolts to 1 ;25 megaelectriw^ 

.. due tQ'the spontaneous decay' of three radipactiye^isotopSs of iodine, t)ne^p^^^^ . 
indium, and brie of tellurium. Sodi4m-24j(isiodium isotope of atomic weight " ^ . 
24) was also detected. The lower energy x-ray spectrum frpin inside the^' ^ z 
germanium crystal is plotted in Figure ,5.4, \yhich shbW6 l^ 
Xrrays from galliumr67 ar\,d germanium-?! . Zine-65 and c6balt-r56 Were' also , 
-detected.-' •/ ■ ■■. " ■ ' ■ -.^ ■ \'->yf- '- 

f V VThe meta^ foils were'also activated by Ahe exposiirev giving sipa^ ;,, 
': .neptunium -239 (from uranitn^, yhrium fj^^ ' 

; yttriunr)' TheHast isotope^ iprbduced by neutron captuire,^:^ ' 
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. background of 6.71 thermal neuteoq/em? s6c in the ApoIJd spacecraft. These . 
datav together with much other information collected on earlier Skylal;b.and 
-li'^^'-^^- Apollo niissions, wiU make possible the proper design and opmtion of fo^ 

■ ^ 





Dla0)riim of the 80dlum*iodide crystal and ceir for the MA-^I 51 Experiment. Figure 5.1 ' 
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'80 ,100 5; 120 -"140 , 160 
V. ' ■ ' Channel number ■' 



leo . 200 



J . 



220 



Figure 3.4 ; Graph of postfllght '^counts In- the germanium crystal showing the 10- 
^, kiloelectronvolt peak conMbuted by gail(um-67 and germanium-71 . ^440- 
minute count time at 0.066 keV/chiEinnel). . . 
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€ Conclusions 



, paring the ImlO years, high|energy astrophysics has become one of the most 
.. Interesting research studies in space science. X-ray and gamma-ray obs^rva- 
-tiotis have slrown that jthinigs are going on in our Milky Way Galaxy, and 
'beyond ItVthat were hot eyen susjjjected in i960. Such observations, including 
the MA-048 Soft X-jRay^rcsults ifrom ApoUo-Soyuz, have almost confirmed 

; the existence of Neutnyn Stars and Black Holes, which were purely specula- 
tive theoHe;} as late as 1965 . As space techniques and instrtiments— serteitive 
detectors of soft x-rays arid accurate detectors of gamma ray s^^ 
we willleam more about the strange sources scattered throughout bur Milky 
AVay and other galaxies. 
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Appindix A 



Discussion Topiqs (Ans¥^^ f 

1. (Sec. 3EV Ultraviolet sunlifght/sblar;x 

harmful to most living organisms ani cause genetic mutation5\(^ a 
/ biolbgy: text), If they wefe not absorbed^ the atniosphere would be hea^^ 
entirely from the bottom, causing' more turbulence art9^ 
terns- Surface temjj«it^Uires would be? jowered b^^ ^^^^ ^'^'^ 9^ 

"greenhouse effect:^|hp^^ infrared *:heat waves'* b0ci^u3e the atmos- 
phere is opaque to-them). If thiS ^^ always been the case, animal life would 
probably have remained in the seas,. I v , \ 

2. (Sec. 3E) The 20 000 volts produce electrons in the scanning beanni 
with energies oifZO kiloelectronvolts^(a1lUtle less because of the work needed 
to pull eacli electrorfbut of the cathode). Because seyeral electrons are needed 
for each of three c6lors in each of 276 OCX) pixels," at leastS 520 000 x-ray 
photons of 20-kiloelectronvolt enei-gy are produced each second at the back of 
the television screen. Most of these bremsstrahlung x-rays are absorbed in the 
back and sides of the television set, but about 20 percerlt come out the front.. 

3. (Sec. 3^i|) If thie wavelength is zero, X= WX = infinity, and the photon 
energy £ = /i/ is infinite, therefore, even ^\superhot body cannot radiate at 
zero wavelength|(refer to the Pianck La\v). \ « 

' 4. (Sec. 3E) Cosmic rays are generated by the Sim smd other stars in 
varying amounts; (Studies of the lunar soil may indioate such changes in solar 
cosmic rays during the past.) New galactic cpismic rays are probi^ly acceler- 
ated to very high energies by "collisions" witft magnetic fields in the huge 
interstellar clouds of the Galaxy. Thus, there are many Sources of new cosmic 
rays to replace the rays'that are absorbed. 

5. (Sec. 3E) Identification of an x-ray source with an optical object whose 
distance can be estimated is the ^best method to date . Independent estimates 
may be possible when complete x-ray spectra can \k meafeurcd, from which 
(a) intrinsic x-ray output can be inferred or (b) soft x-ray absorption along the 

line of sight can be measured. - 

■ ' * ■■ «» ' ' ' '■ ■ . ... - .•■,■.,..» 

6. (Sec. 3E) More complete measurements should: .be niade of vray 
sj)ectra, including gamma rays; rapid tjjr^igtfiations in x-ray intensity and 
spectrunfi; polarization of the x-rays; and greater angular* resolution and 
accuracy of the source position. ' ^ ^ 

y V 7. (Sec. 3E) As a high-speed electron spirals around magnetic lines of 
' force and radiates phprpnis, its kinetic energy is reduced by an amount equal to 
the' phpton energy radiated. : / 





•'■i 



8» (Sec. 3E) Synchrotron radiation fron^ cosmic rays moving through the 
Galaxy's magnetic field should produ^^ x-rays arid gamma 

/raysclbsetbihcGalacric Equator»;that is^^ 

■;(see:Fig/l5). ' / ■ : ' , -v'^ 

9. (Sec. 4E) In Seiction 4p and in Figure 4.6, the escape of gas from the r 
gravitational field of the blui^ giartt s^^ caused by convection and 

radiation pressure in the atmosphere^ of that star. In f^^^ • 
to increase in size. » ' v ; 

: . • ■ ■. ■■• 'cW -- ' ' : . . ' ':: ' ' ' 

10. (Sec. 4E) Because the tnlcrstellar material abjsotb&^^^^^ v V . 

soft x-rays than of the harder x^s (hijgherphotori gne^);?^ ! \ 

Gygnus X-2, -as recorded much ctoser to it. Would be tiigiiei vnt^ 
(left)5ide than is shown in Figure 4.4. ^S;' :;''>^ 

.;::tl. ;XSec.;4E) When the calibration source was pushMm frofUJc^ 
side of- the MA-048 detector, its known Intensity :of 5;^-kilQeliei<3t^ ' '5 ^if; 



x-rays (about 500 photons/sec)' would enter the ; detector thipugh j^^^^^ v - 



plastic front window just like x-rays from acosmic source. If the propbrtidhal ' '^^^^ 
counter recorded .SGiO more counts/sec above the background count in the * - > u^'t^^ 

5.9Tkiloelectronvblt bin, then its sensitivity was correct. If not, a correction 
would need to be made to the instrument readings. 

12. (Seel 4E)The background of soft x-rays coming in from all directions 
might be synchrotron radiation from. electrons and protons in the solar Vvind 
passing through the Earth's magnetic field and synchrotron radiation of other 
protons and electrons farther away that have bfeen fired into the magnetic field 
of the Milky Way Galaxy. Or it could be many, more distant sources, 
overlapping, all over the sky. 

13. (Sec. 4E) Reasoning about conditions at the V'Schwarzschild 
>^ Discontinuity, " the ' 'edgd*' of a Black Hole at distance /?^ from jts center of 

\mass, is tricky. The equation/?^ = IGM/c^ caabe derived from the formula 
for escape velocity, mv^^-^" TGmM/R for test mass m at distance R frbm a 
large massM, by letting v^:approach the velocity of lightc. In the time frame 
of the falling massm, it takes infinite tirrie to^ross the/? = discontinuity. 
HoAvever, it is^ unlikely that iiifalling material will fall directly toward M; 
most of it will go into^an orbit that is slowly circularized by collisions. X-ray 
bremsstrahlung will come..ffom;i™acts of nisw material with material in 
orbit. o|Lit^ide/?5 ' . , ' . : 
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' ' >^J.M.'■• 
.»<^■■ u ■<',.* v?; v.^x-^ 

. 

imllus White Dwarf star with the same m 
y> \, factor of 1 million, this high-density material is rto longe^^jiqij^^ 

* and is called degenerate, with all electrons conripressed into thet^lb^^ 

orbitS; If the collapse starts at a higher rate, gravitational ;*^ 
atomic nuclei into neutrons with even higher density: (7(X)Q/lO)'(t,5^^^ 
4^8 X 1 0^^ gm/cm^ Further compression forms a Black Hol^ilji^itH:;^ 
of 3' kilometers, ' ■■' ■ ' '\ ' ' ^^V>^'i "'v--^^^ 




per second to I .l per 
velocity V, the frequency of its output 

Ayherej7(y+ A/' 
which is the velocity of 
same Doppler formula 



en a source is app|oa9Ht)(ig;.fi^^ 
(light or,pulses):iis im^^ 



less thane. The observed perio|Ji^ rot9t|lre{Neytro!^$fi^ 
1.00 to 0.91 'second.' ■'.^^''^^'^'A'i'- •;■ 
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Ijnteituri^ 


Quantity - 


Name of unit 


\^ Symbol 


Conversioh factor 


uisiancc. . 

■■ ■ ' . . • " ■ 


meter ' . 

.... .. ^ . . 


• . \. til . 


1 km = .0;621 mile . T 
1 m = 3.28 ft 
1 ctn = 0.394 in./ 
i'i mm = 0.039 in. / 

o 

•ijULirt .=^ 3;9^X 10"^'^ in. - 10* A 
1 nm = 10 A- , ^ 


••.■■•^ - ■ - • ■ ; ■. — " 
• ' Mass ■ ■' • 

-'\';. 


kilogram 

• . ■ ■ ■ 


kg 


1 .tonne-«,:li:f0i;j^^ / ^ 

1 kg ^^2v20Tb*^--v^^;^^>??^ :. ■ ■ ■ . 

1 gm = b!'0022 lb =^ 0.035 oz 

1 mg^ 2.20 X lO-'Tb^ 3.5 X lO** oz / 




second . 


sec 


lyr =: 3^56 X 10^ sec 
1 day = ^.64 X 10* sec 




. kelVIO>^.yr:. ;-r.v^Vv :»^;t\V ' 








^square,, meter . . • 


'm2 • 


1 m« = 10* cm* = 10:8 ft«^ >■ - 


^ 

Volume 


cubic meter 


m^ 


1 m» = 10« cm' = 35 ft" 


\Frequency : 

" - • ." • • 


hertz ^ 


Hz 


1 Hz = 1 cycle/sec 

1 kHz = 1000 cycles/seq 

1 MHz = 10' cycfes/sec 




kilogram per 
cubic meter V-;;;^ 


^ > kg/m^ 


hk:^ni3v|-'p 0^ gm/cmf Y 
i g;in/cm^ .j= d^ 




metef*per second 


m/sec. ; 


■i tn/sec i= 3.28 ft/sec ' y -, r > . ■ " 
1 km/sec = 1240 mi^r ^ " ■ 




,newton 


" : N '.^^ • 


1 N =10^ dynes = 0.224 Ibf 


■■■■■ 


■ V/ 










e^ : ■ 


53 ■ ■ — „ '■■■' :: 





■■■■ '■ . ■ . ■•; '■'^^ 










.'■'■> 


* ' ' . i' ' •. 

' ■ ' . • . ■ ' ' :*/*•■ ■• ■■■■ 




Name of unit 


Syml>oi 


/"^dnveraion \H \ ' ^ -O: 


Pressure ';'. . • 


newton per square 
meter 


N/m« 


a N/mV= 1.45 X lO-'Ml^f" ■": ■■ 


*•" »,'.4 


joule 




. 1 J ==? d239^^ialorie 


Photon energy 


.* elbctronvolt 


^ 'ev-. 


1 eV^"f60 X l6-^« J; 1 lO"^^' 


Power 


watt 






• ' •.• • • . 
Atomic masi-v - 

t'*^\ ■ ■ ".' .■ ■ 


^'^atomic mass unit 


amu 


1 amu k 1:66 X IQ-" kg ': -(^^'fr 


Cuttbir^ry Units Used With 


' k- ■ 


■ • ■ ■ ■ ,;; , ■ .; . ,. 




Name of unit 


yffY. Symbol 


- Convei^n factoilj;{i'4v -:^^^^ ■ 


Wavelength of ■ 

-. light;- . 


angstrom 


' ■ ■/■ ■■A " 

tr- ^ — 


, 1 A = 0. 1 nm:=r::;10^fn : . V_ ; . 


; ' Afci^l^tion ■ . 
/ "V;.v^0^-graYity . * ■ 




■ ■ ;* ^ '. 

--.^'h-l^ — 


1 g =5= 9.8 m/sec* : ? 1 ;}':•:. 


"• • ■ ' ', ■' . . . 




*'■ '.'v '. ■■' ■ " 

: ■. ' 

■'. ''V '■' ' T ■ • 


, ■■ ... : ■•*■•::, •. ■vV;'^. i^'V .^J- 



ERIC 



54- 



G3 




Prefix 



Abbreviation 



Factor by which unit 
v^; • is miiltipUed 



; tcra , 
gigi ^ 
mega • 
' % kilo ' 

centi 
' milli 
.micro 

pico 



T_ 
G 

. M . 
'■It. 

"c ' 
m 



10«* 
r 10* 
\ 10'^ 



.Powers oi;fb 



Increasing 



Deci^a^ing 



. 10^.^ 100 5. 
W =1 000 



. 2 X 10»; = 2 600 000^ 

i x 10^® = 2 followed by io zeros 



10"? =il/100 = P.Ol ^ : 

iQ^* = iM)oo = o.opi 

10-* = I'/IO OOO - 0 000 1 , etc. 
^xample: ■ i 

5.67 X 10-* - 0.000 056 7 
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Glossary. ... ■'■':/■/''■'['■■ ' ■ 

Rpferences.to sections, Appendix A (answpre tpique'stiQns);*a^^^^ 

included in the entries^Those in ifa/ic.typ^^ iriost helpful; . % ' 

angstrom (A) a unit of wavelength used by physicists forjpQre thsm Sp.yfe^ 

1 angstronn = 10"'® nieter or O.i nandmeter. . 
angular i^esolution the angle between two sources th^ 

di^tinguijshcd by a detector and collinia^orv. the 

. hXan .angular resolution of 1 arc-minute. (Sec, igs/.2 3.3) 

anode ia positively .charged wire ir^ a vacpum tube or deteetpr which attt^icts*" 

f : elecUx)riSvJ:tS?(^44B,4C; F^^^ 2.8, 4.2) !v >, V ^ 

%/.anticolncidence coiinter a photon detectoi^that autoniatic^ly cancels ^c 

. that are due to cosrriit tays,pr,6lher.ra^ that aie not wjanted iij t^^^^ ^ 

(Sees, 2Q 2F. 4^, 5e.; Flg^ '2.9) ' '.^o ' . / ^ ■ ■ 

V:>rc-mmute a unit of ;^ngle: 1° = 60^£u■c^-■r^^^ arcrnlinute 

'[ !■. second^. -,1: ■ ' ^ V..i*:.;'J. ■' - ' V : " -'v X ' 

background a uniform intenslty-x)V^er a r^^ion Of sky abound the star under > 

study (Sees. 4BV 4b,.^5A<>tb 5G; App;^ 

backgrojind*' (Sec. 5B) is th& count rate di^ to if^^ 

no photons are entering the detector, /^i /i ' , ;r . . i V 
Big-Bang' ^jcbsmblpgy the fhw)i^.of thg orig|h of the universe wWch states\ 

that the universe was created' abb^^ 15 l^rtlion years ago when a.giant- 

explosion emitted high-frequency radiation "and pushed matter apart. 

That matter is now conderised iriib stars galaxies which ^ receding 
' froni the/Ea^th. The nSore distant phes are receding faster because they 

started faster in the Big^Bang. (Sec. SA^ 
Black Hole a collapsed rtiass of extremely^high density that curves^space 

nearit so thatno lightor particles can g^ in or out. (Sees. i ,iDME, 6; 

App. Ay nos. /i, 14) ' y V' ■ f" ' 

bremsistrahlung electromagnetic radiationXphotons) produced by impacts of 
.. high-speed electrons^ or lon^ on* other Material. (Sees. JD, .4D, 5A; ' 

App; Av.nos. 2/13; Fig: 3.7) , : ;> 
cathode a negatively chEuged^^re in % vacuum tube or dete 
\,":-:-:4C; Figs.'2.7,:.2.8,^:2r^^ 

Cerehkov radiation the visible light emitted by, a particle traveling near the. 
speed of light when it enters a'substance \yhere the vefocity of light 
: less than the particle's speed, ;'(Sec.; 4F; Fig. 2.9) See>am VI. 
channeltron.a curved vacilum tube that gives a lOO-million-electroh output 

pulse for each electron input. (Sec. 2E).:See Pmnphlet'lll. 
collimatdr one or more, tubes in front of a defector that alfow photons from 
. only , one. direcUpn to teach the detec^^^^^ (Sees, ^D, . 2F, 3B/ 4B; 
• ■";Figs- 2.(5.: 4'J/4,2)^ / ' ' y. 



vCOinptott^i^^ Ibijj^ of eriergi^ an ioq * 

' ; The inyi5^|.C^ 

cotisiieni^ AS the Big Dipper, that defines an arda 

r-)l (^T\c^ the sky. MpStqf the constellations were >^ 

.^:y,i -'-jm^ the Greeks (Taurus, Scorpius, Cyghu^. (Sec. 3 A; Fig .^3 .5) 
:<:osra>c^W Solar 
> ;t Cosnijc rays '^a^ of the Syri; galactic cosmic rays arrive . 

>frOm air directions. (Sees. 1, 2(:, 2F, 3D, 4B, 5A;' Api>, A, nos. 1, 4; 

./; -:Figv2..^). - ■■■'/V*'; ■■ 

count one pulse of current or voltage from a detectoj, Ini^cating the passage 
of a photon or cosmic ray through the cletector. (Sqcsi: 2C, 2Dto2F, 3B) 
count rate the number of counts per second;- it tfjeasi^res the intensity^qf^ 

■ : the souite.(Secs.^2^^^ 1 

crystal a. solid composed of atoms oj ions prrmol^ules uxanged in a regular 

■ repetitive pattern. Sodium iodide and germajliunv.crystals are used 

:■ gamma-ray detectors. (Sees. 2F, 5B, SC; Figs. 2.9^5.1; 52) . ] 
declination angular distance north (plus) or south (minus) of ;the. Celestial 
Equator in the sky. (Sec* 3C; Fig. 3.4) See Project Physics, Sees. 5.1 

: • '^o-5-3.; ■ '/ y ■ '..'■..''[:"' :■:[':■ ; 

Doppler shift the- qh^ge pf frequency and wavelength in the spectrum of a 
^ ^sduirce approaching or receding from an observeir. (Sec, 4D; App. A> ' 

^^^^^^^ .1^ ■ ; / Z-^-: ■' .'^^-'^..i 

electric field strength of jthe 'electric force on a iinit electric charge in a 

region of space affected by Other electric charges. (Sees. 2A, 3D) : 
electromagnetic wayCs include, x-rays, light \vav€l5, and iradj^ waves, which 
.'carry energy at a velpcity c 'of 3^ ^ 1()* nti/^ec.^ The elect 
spectrunfi is the sequeneeM wavelpngths fron^^yery shprt gamma rays to 
; very long radio waves. (Sees: 2A, 2B, 3D; Fig. 2.2) 
electronvolt (eV) a unit of photon energy; 1000 electrpnyolts = 1 kilo- 
- electrohvoh; 1000 kilocjcctnJhYPlts ==^ 1 megaelectronvolt. ^^^^^ 
energy (E) the capacity fpr doing work. The energy of motion, kinetic energy 
: is V^my^. The energy af;tadiati6n, including light;ancl^-i^ys, comes in 
photons. Each photon has an energy £ f= /2/=7ic/X, whereTi is the Planck 
: ; / constant,/ is the fre'quency,'c iisthe velocity, and X is the wavelength of 
the light or x-rays. Photon energy is measured, in electrbnvolts; Xj-rays 
. . have photon energies frpm about 1()0. ele.ctronv^plts (soft) to.50 kilo- 
electron volts, (hard). High-Energy aStrophysics IS the s^^^^ 
energy photpns. (Secs.2B, 3p\ 5A,5C: App. A, nos' 3, 7,. 10; Figs. 317, 

•■3:.9,/3.lo,4.4).;V^^;.;:V■•''"■VT* ^ 'c:'-. 
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/filter^ a thin of selective in?^ ? 
• ;i jgiibiip,^ or group ofv v 

V'photon. energies;^.(Secs;;2C,;St)\^ . . -^'^v/i/' ■ ' : ^/::('' 
freqiiehcy (f) the rtUrnb^r of ^ >yave; each ;secphdv 

^ ; y rrieasurtdi in hertz^Thcj frequencies ^ are ^tweej( 3 x 

an(i 3 X 10*^ heitz;..Photoirene|rgy is,/i/! where h is the Plguick 6onstant^ 
: -{^ec^^'2A^Br^ ■ ;'v';V ■ ' 

^ialaxy a vast assernblage' of bUlions of Jrtirs with intei:$teUai- and dust 

^gainm^ rayis*^^ very mgll fen^^gy j^^^ 

' lcil(»jieetrorryQl^^ to 2C.^2Fi 3D, 5A t© JC: FigSv 2,2. 

, 2^,:7;:9)'\ ■ i'" ■ " : '■ ■■■■■ 

gravjtalioii the j^orce bf a^(f^(hipn^b^tw0fehriw6 tnasses., given by Newton's 

Sec$^;8;6 tq{8,8;>SSCi;Sec$; 134. 

ivertif^ (iHz)Va^tink per second;;! 

};tiiej1zr= i6bG cycles^^ cycle^sec.y : -^^^ \ 

inlfi^^red (ik) invisible eilectroni with wkyelength$ fr^^ 

1(HW: iirticrqn^ visible wavelengtjhs.^ (Sec. 2^ 

"■■':^iApp.-A,.;no'/^^^ • ■ i^'''''" 

■Tntiejrstellair gas^^^^ bet>Yeen stars/ Low*dehsU 

'^'hydrogen and^otHprgases a^^^^ emission 
;, " -of: spfecific; w^^ 

; scatter* ligljit^^ik^^^ App: A; hpsv 4, 10^ 

; intrinsic power tH^ 
; ; We.|efc^s thp int^^ power diyidejci, by the sqiiaife 

' ; ; of tfc^ 

ioa an sitoni with pne^oryn^^^^ 

•( Atorns aiie lohiited h^^^^ 9r U^ht^xl-ray s^^^^^ ray s j. and cosmic 

V ; rays or ott)ernrioving:pa^ yjoniziaitot^Mi^ 
' sity and^ jrfipton iehergy br^^ 
3M 0) iieie l>itject P PSfSCr 25v?^:^2!i; ^ 

kelvin :(K) a'temperabre scale s 

: 273 K == :OP:;c% ppint bf water; 373 k^' itf0 

2^2° F;, the bbiling poirit of : • ' ' -^J' 

Large Magellanic Cloud (LMC) sc6 Magellanic Clouds: , .^4^ 
light-year the distance light travels (at -3 x 10^-ni/sec) in 1 year (3 15 x AO^ 
seconds). Dne light-year equals 9.46 x 10'^ kilpnneters, about 63 OQO.' 
times the distance Jrom.Sun to Earth. (Sees. 3A/^^^ 
MA4)48 the Soft X-kay Experhnent on the AiX)llP-Sbyuz missip 
to 4/)/ Figs: 4./; 4.2.. 4.3) 
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. the Cry^^^ the Apbllo-Soyuz^triission. « 

:;: ■: v;(Sec^/i;5c:;'Figs:i^i'i,^i^ -/y :^ v. .'■ 

^Magellanic Clouds two irregular-type galaxies (Cilpse- to the Milky ^ay : 
' ? Galaxy, visible only from the Souji)ieimV'H^^ . 

■■. (Sees. 3B, jc.: 4B, 4DI f ig. ^■:5) ; / S - ' : ; ' V , .> ■ ■ 

magnetk' fkid (HJ the strength of the magnetic force on a unit magiietic 
.. . pojl^ in a region of space affected by other magnets or ielpctric icuiTents;"^^-^^ 
> • * /(Sees. 2A; 30, 4D; App; A, nps. A. 12; Fig. IS) ;. ; : . • ^^ ; 
•Milky Way a band of stats, visible only^oh a cleiacr, dark njght^^^^ S 
W/Wipirt^^ 'the sky . Using the distances of the. stars, iastrondmeris 

. can ipibt Thef Mii^^^ ^ 
; billibn.siare, includin^MrSiw^ (Sfe^ ' 
neutron ah atomic /particie wife 
■ . (hydrogen ion) but no clia^^ 
• neutijpnis,:;!^ 



1^ . ■ 



photon a qupitum.pjf ii^ — the.. smallest- sep^^ a ^• 

V beam of Jight o^^ ^ , 

; , : ■■^i/^^^i^higb-e^^ 

'■ ^^^r'l)y..deteitto App.'; A,'nbS: 

,/ polarized y^avicH^lhat vibrate in a definite:pattern. Ordinary. Iight;and radio 
^^?|^/^ wave^dr^ oscillate in a\\ directions aroqnd VlTie line of • 

, ^> S|i^}flt:Ji(Jl0^ only. Circular, polarization • 

v V toires^ij^^^^^ ^ne bnd of the clothesline round £(nd. round. ^ 

»^ ; Vpufear a p star of a type . firet detected by ipegulah l ^second pulses . ^ 

; V - ja - bf radio i^^^ thbught to be ii.rapidiy^ . . 

- ';iSr v side. (Siec^ 4b) , / „ : 




t^'!v7 :'b^ highrSpeed protons, or neutipns. (Sees. 5B, 

the constellation <■ 
SArdtatipn ti/ne 



V ; ^- • • >!gWiiisc«rtstop^^gle^ 
. ; ' hbuijs arid miniite^ o/ Earth 

■ ; V -i^^ V- == 15*^); Usedas kcxiip 
V i;- ; ; ; E^lii^^eas (Sfeic. ijG; Fig^3.4)S^e f»r6}ecJ{ . 

\. ■ ■ 'r^''''-.'^ /^'^i^B^l^^ll^ 'i^stal:bra^:"ipla^^^ ($e(^.;2^'.;Fig^2^9f) •/: ' :■ 
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Small Magellanic Cloud (SMG) s^Magellanif^Oouds. . ^ v 

isoft x-rays photons with eneisgy from 100 electron volts tQ 10 kiloelectron-;^ 
volts. They are more easily absorbed than hard x-iuys. (Sees. 2C, 3D^ 4a 
to 4D; App. A. nos. 10, 1 2; Figs. 4.4, 4: 5) See^ject Physics, §ec. 1 8.6; 

• ^-PSSG, Sec. 23-9."- ^.-y--'-^.-^'''-.-: 

spectrum the. sequence of ti|ectromagnqtic^aves from small (gamtha ray^^ 
. to large (radio waves). (Sfecs. 4B; App.^ A,®ho. .10;^^F 
2.2, 4.4, 5.3, 5.4) , . / 

star a very hot hall of gas with an energy source near the center. Normal 
stars are like the Sun, about 10^ kilometers in. (^Ij^eter. BluVst^^^ 
much hotter than the Siin. Giant stars are 200 times larger, and White 
Dwarf stars 100 timei smaller than, the Sun. Neutron Stars and Black 
Holes are ^smaller still. Many stars are double (SecS4D)— that isi two 
/ stars orbiting around eacli:other. (Sees. JD; App/ A, nos. 9, 14; 
Figs. 3.7, 4,6) ■ ■> . ■ 

supernova the explosion of a giant star after its hydrogen is mo^ly conv^ed 
to helium and its core collapses. A flrge fract^o mass is blown 

. outWardtbform anebulaY^wp^r^iovar^m^ia^iri: (S6cs. i;4; 3D^4A, 4D) 

synchrotron radiation radiation produced by high-speed electrons or ions 
spiralfng around lines of force in a magnetic field. Th^ light and x,-rays 
emitted are polarized. (5ecs. 30, 5A; App! A, nos, 8, 12; Fig. 3.8) 

Uhuru the ^xplorer 42 satellite devoted entirely to x-ray astronomy. 
Launched on December 12; 1970, the seypmh anniversary of Kerr^ 
independence, the satellite was named l///wrw, which means ^'freedom": 
in the local Swahili language. (Sees. 3^, 3G, 40) , « 
. ultrdfvioiet (UV) invisible/light of wavelengths less than 4000 angstroms 
(^00 nanometers), ^orterthan those of visible light. (Sec. 2>4;App.vA, 
no: 1; Fig. 2.2) / . 

Van Allen belt a doughnut-shaped region around the Earth from 320.to 32 400 
kilometers (200 to 20 000 miles)£abave tfie magnetic equator, where 
high-speed protons and electrons oscillate north-S(?ilth in the Earth's 
magnetic field. (Sec. 5C) / ':^y' - /' 

wav^ength (X) The distance from the crest of one wave to. the crest of the 
: rt?xt, usaally. me^isured in angstroms. The wavelengths oT. x-rays are 
from 0. i to jipo An|;stroms. (Sees. 2^4 i 2fl; App. A, no. 3; Fig. 2.2) 

.White Dwarf a compact star of high density, about the size of the Earth. 
More than lOQ W^ite Dwdrfs have been observed. (Secs. JD, 4B, 4E; 
App. A, no. 14/ -.J'-/'' .. 

x-rays eiectromagnenc radiation bf ijgry short wavelength and high photon 
. energy. (Sees, 1, 2A, 2B, 2C?^, 3C, i^^^ 

•:^Figs.,2.2to 2.4y /, O-,': ■ q:\ 
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Further^ 



TAe ytrtld^^ Universe, by H&bert*Fri&lman, Natiph^Gei^^ 
1 (Washington; D.C.j, 1975-^se'e^speCiialiy-the chapters ori f^C^ 
. bailobh, and satellite^bservations arid on the Sun and Black Hol^!^ 
^A'strohomy Made Simple by Meir^H: pegahi/Doubled«iy &'Co 

-Yorx)^ 1963^an easy-to-read descriptibiyjf astrondrnicial olgect^ : 
Astronomy Qne by J. M\pntiy nek and ^ 
^ [ (Menlo Pairic, Calif 0^ .1972 — a pleasant introduction . to th» architecture f^? ^'^'^^^ 
[.'■' : of the universe; for the serious student. ■ 'mf 

A fbms and Astronomy 'by Peiul A. Blianchard. (Availat{|e from the^lJ^S. 
Government Printing. Office, Washington, D.C. 204Q2)/ 1976-^^^^^ 
j spectra expl^iined in simple term* and used to analyze the spectra 6t stars. ^' ^. 
. Atoms, Mari^ and the Univetst: The Long Chain of/Complicqtions hy 

Hannes Alfven, W; H. Freeman & Go., Inc. (San F^rincisco); .1969-<*-a i» ; 
: dramatic explanation of what we se<(t in telescojx^ ^ > 

The Birth and Death of the Sun by<jeorge OamoW, VikiMg Pre^, Ii^. (New . * 
York), 1952— in simple tems, tlfe ftiaster of sc^enc^writing explains 
\ ^ how stars shi^ and where tli^y come fyom. ^ ^ ^ 

Chemistry Between the Stars by R ic hard H . Gam mon ( A^vail abl» .^6m t he : ^ 
U.S. Gbvem^nt Printing Office, WashingU)n;-D.C, ^02), 1976— a ' , 
. fclg^ic discussion of gas clouds between the star^anS th$ir CQmpo^ition '"^j^j.-/ 
and physical condit^nsc^i; P - . , /^^^ ^ 

Extraga^cticMstronorny^l^he VXiverse Beyond Our Gctl<^ Kenneth 

Charles Jacobs (Available from the U.S. (jovetTimen^rintmg;6ffite; , .; ; 
V Washingmn;D.C^: 20402), I976-:-includes a simple description* of pur 
ir^X^awp Milkiy*iWay Qala^ and discussions of other galaxies, Do$pleEj|: 
Miift, cosmology, andWated topics. . * &i > 



Matter, Earth, and Sky by George GamdPi>Prentice-Hall, 4hC . (New jVi^rif).. 

. 19i65— a well-illustrated sun^y of matter and radiation in s^ce. *^^ - * 
New Fri^ntiers in4s^tronom^ (rca.d'\nQ^fxomSc ientific^^ with an ihtro- 

duction by Owen Gingerich), W. H. Fr9^mari & to., Inc .^n 
. Frg,ncisco), 1975~-coniains articles on x-raj^ stars and searches fo? 
■ ■'. BlacJc' Holes. : ' , ''^ ' 

Rendezvous in Space : 'A poUd'So^niz by F. De nn i s W i 1 1 teiws ( Ay<Hl able >v i t h- 
. out charge from NASA Educatiorial^^^granls DWisiOTFE,^ 
DC. 20546), 1.975— a popujar account of the Apollo-Soiyuz Test Project* 
including the U.SrrU.& S^jf^. agreemenUi. 
'Space. Sc ience and A stronomy: Escape Jf^rom Ea rth , Thornton Pa^e aAd 
Lou .NVilliams "Page, eds,, Macmiljan Publishing Co' , Inc! .(New York.) j: 
1^76~HCpntains articles Bp almost everyVhase of spaceflight. 
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9, '*X-Ray and Gamma-Ray Astronomy." 4:, 
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Starlight: What It Tells Ajfout the Stars, Thornton; Page and Lou Willianis 

Page, eds., Macmillan Publishing; Co., Inc. (New York^^^ 
; Chapters, '*Sfellar Spectra: the Analysis of Starlight. ■* 
Stars and Clouds of the Mitlcy Way, Thoniton Page an4rp)U Williams. 

Page, eds , Macmillan Publishing Co., Inc: (New York), i§68-^escribcs 

the structure and motion of oxir Galaxy . . ; ' 
The Story of Astronomy by Patrick Moore, Macdpnald and Co.^l^London), 

1972— descriptive astronomy frotn early.'iimes to recent discoveries. 
The Supernova: A Stellar Spectdck^^ W.X. Stfaka (Available from the, 
. U.S. Oovernmem Printing Office;, Washington, D.G. 2()402), l976-~a 

well-illustrated and dramatic accountiiof iiow some stoS blow up 
; ^leaving a halo of gaseous remnaintsjt^^ "^'f^ 
X'Rays and"* Gamma fthys Jhy Daniel S.. Halacy, Hofiday Hou§p, Inc. 

(New York), 1969^a small,- Well-illustrated book with many in^resting 

facts on radiation damage. V o : 



